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This  article  introduces  a Special  Issue  on  biodiversity  of Palaearctic  grasslands  and provides  a  synthe-
sis  of  the  current  knowledge  on this  topic.  Four  major  categories  of  grasslands  can  be distinguished  in
the  Palaearctic  biogeographic  realm:  (a)  zonal  steppes  (in  areas  too  dry  for forests),  (b)  arctic-alpine
grasslands  (in  areas  too  cold  for forests),  (c) azonal  and  extrazonal  grasslands  (where  hydrology,  soil
conditions,  relief  or natural  disturbances  within  the forest  biomes  prevent  tree growth  locally)  and  (d)
secondary  grasslands  (which  replace  natural  forests  in consequence  of  human  land  use).  We  summarize
the  present  knowledge  about  species  richness  patterns  (mainly  of  vascular  plants)  along  abiotic  and  land
use  gradients.  Further,  we highlight  the  usefulness  of diversity  measures  not  based  on species  richness,
namely  functional  diversity,  phylogenetic  diversity  and  within-species  diversity.  The  strong  differences
observed  for  diversity  patterns  according  to  analyzed  biodiversity  parameter,  spatial  scale  or  taxonomic
group  call  for  comparative  studies  and  caution  when  generalizing  results.  A  particular  challenge  are  the
extreme  plot-scale  species  richness  values  found  in grasslands  of  a few  European  regions.  We  propose  a
conceptual  model  that explains  the  ﬁndings  by  an  interplay  of  various  factors  acting  at different  levels:
(i)  The  largest  species  pool  is expected  for habitats  under  conditions  that  prevailed  over  the  last  few
million  years,  with  a slight  shift  towards  intermediate  positions,  i.e. for  the  Palaearctic  in  open,  semi-dry,
base-rich  situations.  (ii)  The  landscape-level  species  pool  is increased  by  continuity  of  a grassland  patch
in  space  and  time  and  heterogeneity  of  the  surrounding  landscape.  (iii)  The  coexistence  of  regionally
available  species  at a plot  scale  is due  to reduced  competitive  exclusion  according  to  Intermediate  Dis-
turbance  Hypothesis,  mowing  once  a  year  without  fertilization  being  particularly  effective.  Ecosystem
functions  and  services  of  Palaearctic  grasslands  are  often  positively  connected  to  their  biodiversity.  At the
same  time,  these  communities  and their  biota  are  nowadays  highly  endangered.  The semi-natural  (High
Nature  Value)  grasslands  of  Europe  are  mainly  threatened  by  agricultural  intensiﬁcation  or  abandon-
ment  on  low-productive  sites  in  remote  areas,  while  the  natural  steppes  of the  Palaearctic  have  largely
been  destroyed  by  conversion  into  arable  land.  Finally,  we  present  some  promising  conservation  and
management  approaches  and  call for  a strong  and comprehensive  Convention  on  Grassland  Conservation.©  2013  Elsevier  B.V.  
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. Introduction
Palaearctic grasslands are known for their high biodiversity
n many taxa. For example, at small spatial scales vascular plant
iversity of certain European grasslands even exceeds tropical rain-
orests (Wilson et al., 2012), which are normally considered the
ost diverse ecosystems on earth. A high proportion of the ﬂora and
auna of Europe are grassland specialists, including many endemics
e.g. Hobohm and Bruchmann, 2009; WallisDeVries and van Swaay,
009). Yet Eurasian grasslands do not show up on the global map
f vascular plant diversity (Barthlott et al., 2005) because this
ap considers biodiversity patterns at 10,000-km2 resolution only.
oreover, among the 35 global biodiversity hotspots deﬁned by
ittermeier et al. (2011) only two of the seven Palaearctic ones
Irano-Anatolian, Mountains of Central Asia) have a large share
f grasslands. The underrepresentation of Palaearctic grasslands
mong the biodiversity hotspots is probably largely due to the fact
hat Mittermeier et al. (2011) focused on natural habitats, while
rasslands in most parts of Europe are semi-natural, meaning that
hey have emerged through centuries or millennia of low-intensity
uman land use from forests as potential natural vegetation (Bohn
t al., 2004; Ellenberg and Leuschner, 2010; Pott, 1995). Therefore,
ajor explanations brought forward for high biodiversity in other
cosystems like naturalness, lack of disturbance or huge area seem
ot to be the main drivers of European grassland diversity, while
gricultural management obviously plays an important role. More-
ver, there are huge differences in diversity between grasslands
ypes, and even ecologically similar grassland types may  differ sig-
iﬁcantly in their diversity between regions.
We hereby introduce the Special Issue on “Biodiversity of
alaearctic grasslands: processes, patterns and conservation”, ini-
iated at the 8th European Dry Grassland Meeting, 13–17 June 2011,
n Uman’, Ukraine. The European Dry Grassland Meetings are the
nnual scientiﬁc conferences of the European Dry Grassland Group
EDGG), an international network of nearly 1000 researchers and
onservationists dealing with all aspects of natural steppes and
emi-natural, steppe-like grasslands in the Palaearctic (see Habel
t al., 2013; Vrahnakis et al., 2013; or www.edgg.org). A second
pecial Issue on biodiversity of European grassland ecosystems
including more zoological and mycological contributions) has
ecently been published in Biodiversity and Conservation (Habel
t al., 2013), and a Virtual Special Feature on large-scale typology of
uropean grasslands has been started in Applied Vegetation Science
Dengler et al., 2013).
The 14 research articles of this Special Issue originate from more
han a dozen countries, ranging from Germany and Switzerland in
he West to China in the East and from Italy and Turkey in the South
o Sweden in the North. While the majority of papers deals with
ascular plants, two address (also) other plant groups (Turtureanu . . . . . . .  . . . . . .  . . . . . . .  . . .  . . . . .  . . .  . . . . .  . .  . . . . . . .  .  . . . .  . .  .  . . .  .  .  .  . . .  . . . .  . . .  . . .  . .  10
et al., 2014; Zulka et al., 2014) and two  animals (birds: Ambarlı
and Bilgin, 2014; multiple invertebrate groups: Zulka et al., 2014).
The articles in this Special Issue are arranged in ﬁve groups: (i)
multi-taxon studies (Turtureanu et al., 2014; Zulka et al., 2014);
(ii) species richness patterns along various gradients (Ambarlı and
Bilgin, 2014; Janisˇová et al., 2014; Reitalu et al., 2014; Wanner et al.,
2014); (iii) diversity of seed banks related to aboveground vegeta-
tion (Valkó et al., 2014b; Zeiter et al., 2013); (iv) functional diversity
(Carboni et al., 2014; Niu et al., 2014; Wellstein et al., 2014) and (v)
conservation, management and restoration of grassland diversity
(Babai and Molnár, 2014; Prach et al., 2014; Rédei et al., 2014).
The present introduction is intended as a synthesis on grassland
diversity to give an overview of Palaearctic grasslands (Section 2)
and summarize the state-of-the-art on their biodiversity patterns
(Sections 3–6). Section 7 is then devoted to the eminent “world
record” grasslands and develops a reﬁned conceptual framework to
explain their outstanding position. The following two  sections shed
light on the interplay of biodiversity and ecosystem functioning of
grasslands as well as their endangerment and conservation, before
the ﬁnal résumé highlights research frontiers and points out ways
forward.
2. What are Palaearctic grasslands?
While there are many deﬁnitions of “grassland” (Gibson, 2009),
that of Janisˇová et al. (2011) is adopted here in a slightly modiﬁed
version as herbaceous vegetation types that are mostly dominated by
grasses (Poaceae) or other graminoids (Cyperaceae, Juncaceae) and
have a relatively dense vegetation cover (usually > 25%), thus exclud-
ing plant communities mostly composed of shrubs (shrublands),
dwarf shrubs (heathlands), bryophytes and lichens as well as those
with very scattered vegetation (e.g. deserts, semi-deserts, screes).
Grasslands of the Palaearctic biogeographic realm (i.e. Europe,
North Asia and Africa north of the Sahara: Olson et al., 2001) can be
grouped into four major types (Sections 2.1–2.4) according to their
origin and ecology (adapted from Hejcman et al., 2013; Janisˇová
et al., 2011; Vrahnakis et al., 2013).
2.1. Steppes
These are zonal grasslands (i.e. large-scale natural vegeta-
tion = climax) in regions that are too dry to support the growth
of forests, but sufﬁciently humid to allow for a closed vege-
tation. Steppes are the natural vegetation of the moister part
(>100 mm annual precipitation) of the Dry midlatitudes ecozone
(≈zonobiome VII in Breckle, 2002) and form a huge, continuous area
from South Ukraine in the West to North China in the East (Jacobs
et al., 1999; Lapola et al., 2008; Schultz, 2002; Werger and van
Staalduinen, 2012). The information on the original spatial extent
tems 
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f this biggest steppe biome of the world largely varies, depend-
ng on the deﬁnition used, but the actual size might be in the range
etween 8 million km2 (based on ﬁgures and maps in Schultz, 2002)
nd over 13 million km2 (Wesche and Treiber, 2012). Additionally,
rass and shrub steppes (with winter rain) occur as a relatively
arrow transition zone between the Dry tropics and subtropics eco-
one (≈zonobiome III) and the Subtropics with winter rain ecozone
≈zonobiome IV) from Morocco in the West to Iran in the East, cov-
ring some 1–2 million km2 (Schultz, 2002). In the transition to the
djacent forest ecozones/zonobiomes (Boreal zone/VIII; Temperate
idlatitudes/VI; Subtropics with winter rain/IV), so-called “for-
st steppes” occur, landscape-scale macro-mosaics of forests and
teppes, where relief position and soils determine which formation
ccurs where (Bohn et al., 2004; Breckle, 2002).
.2. Arctic-alpine grasslands
These are zonal grasslands at high altitudes or latitudes that
re too cold to support the growth of forests. Only a fraction of
rctic-alpine environments are covered by grasslands, while oth-
rs are occupied by heathlands, moss and lichen communities, open
ommunities on instable ground or cold deserts (Ellenberg and
euschner, 2010).
.3. Azonal and extrazonal grasslands
These are natural grasslands occurring locally at small scale
ithin the forest biomes on soils that are too wet, too dry, too
aline, too shallow, too instable or otherwise too extreme to allow
ree growth (Ellenberg and Leuschner, 2010; Janisˇová et al., 2011;
lötzli et al., 2010). Furthermore, grasslands might occur as tem-
orary successional stages following natural disturbance events
n forests (wild ﬁre, wind throw, avalanches, ﬂooding in conse-
uence of beaver dams, intensive browsing by wild herbivores) (e.g.
ejcman et al., 2013).
.4. Secondary grasslands
These are anthropogenic grasslands at sites whose natural veg-
tation is forest. Semi-natural grasslands are an essential part of
he cultural landscape of Europe and resulted from centuries or
illennia of low-intensity land use since the beginning of the
eolithic period (Ellenberg and Leuschner, 2010; Hejcman et al.,
013; Poschlod et al., 2009; Pott, 1995). Such grasslands are mainly
sed for grazing by livestock (pastures) or hay-making (meadows),
ut might also be a successional stage of abandoned arable ﬁelds.
owadays, such semi-natural grasslands (also termed High Nature
alue grasslands: Veen et al., 2009) are more and more trans-
ormed into improved (intensive) grasslands by artiﬁcial fertilization,
ncreased cutting frequency (meadows) or stocking rate (pastures)
nd frequent re-sowing with a limited set of agronomically valu-
ble species (Dierschke and Briemle, 2002; Hejcman et al., 2013;
tevens et al., 2010).
.5. Origin of Palaearctic grasslands
The origin of the grass family (Poaceae) dates back to the Creta-
eous period (89–83 million years ago), but the diversiﬁcation and
he development of grass-dominated ecosystems happened much
ater (Gibson, 2009). The expansion of grasslands and their associ-
ted grazers started about 34 million years ago in South America,
robably in response to increased aridity (Gibson, 2009; Jacobs
t al., 1999). In the Palaearctic, grasslands similar to present-day
teppes are much younger, perhaps only 5 million years old (Jacobs
t al., 1999; Pärtel et al., 2005). At least since the Pleistocene (the
ast 2.4 million years), natural grasslands have continuously existedand Environment 182 (2014) 1–14 3
in Europe, covering most of the continent during the glaciations
(extensive steppe-tundra over permafrost, xerothermic grasslands
further south) and retreating to small areas during the interglacials,
when forests expanded (Lang, 1994; Pärtel et al., 2005).
2.6. Development and present status of secondary grasslands
During the present interglacial, the Holocene, semi-natural
grasslands (see Section 2.4) have emerged from forests through
pastoralism and arable farming by Neolithic settlers, which
occurred in Central Europe about 7500–6800 years ago, but less
than 5000 years ago in the Baltic region and Scandinavia (Hejcman
et al., 2013; Pärtel et al., 2005). However, some types of semi-
natural grasslands are of much younger origin, resulting from
speciﬁc land-use practices. For example, the phytosociological
alliance Arrhenatherion elatioris of mesic, nutrient-rich hay mead-
ows, nowadays widespread throughout temperate Europe, seems
to have developed only after the Middle Ages (Hejcman et al., 2013;
Poschlod et al., 2009).
In 2010, 634,090 km2 of the area of the 28 member states of the
European Union plus Iceland, Norway, Switzerland and Montene-
gro were covered by agriculturally used grasslands (semi-natural
and intensive, probably also including a minor fraction of natural
grasslands; category “permanent grassland” in Eurostat, 2013). This
corresponds to 13.1% of the total surface or 35.3% of the utilized
agricultural area. Permanent grasslands constitute a particularly
high fraction of the territory in Ireland (57.8%) and the United King-
dom (44.6%) and an above-average fraction in the Benelux, Portugal,
Spain and Greece as well as Austria and Romania (all in the range
16.4–26.3%), while the relative grassland cover is particularly low
in the Nordic and Baltic countries (except Iceland) with 0.1–10.2%
(own calculations based on Eurostat, 2013).
3. Diversity patterns along abiotic gradients
One of the most frequently studied topics is the relationship
between grassland diversity and habitat productivity (Grime,
2001; Kelemen et al., 2013; Mittelbach et al., 2001; Pierce, 2014;
Tilman et al., 1997). In temperate grasslands including the Eurasian
steppes and secondary semi-dry grasslands, local species rich-
ness increases with productivity up to about 200–300 g/m2 of
above-ground biomass (Ma  et al., 2010; Zobel and Liira, 1997)
and decreases from 400 to 500 g/m2 onwards (Crawley et al.,
2005; Hejcman et al., 2010; Kelemen et al., 2013; Zobel and Liira,
1997). In communities with lower production limited by water
availability, this relationship seems to follow a simple positive
trend (Bai et al., 2007; Lavrenko et al., 1993). In highly productive
secondary grasslands, biomass removal by appropriate manage-
ment is necessary to maintain high local species richness (Köhler
et al., 2005; Ruprecht et al., 2010).
Productivity is controlled by several factors (water and nutri-
ent availability being the most crucial ones) which, each in their
own way, also affect grassland diversity. In spite of the support-
ing effect of increasing nutrient availability on biomass production
and the above-mentioned positive productivity–diversity relation-
ship, negative effects of excess nutrients (especially phosphorus,
nitrogen and potassium) have been reported from various types
of grassland vegetation (Austrheim, 2002; Hejcman et al., 2010;
Janssens et al., 1998; Merunková and Chytry´,  2012). Not only total
amounts of individual nutrients are important determinants of
grassland diversity, but also the balance in their availability. The N/P
ratio, for example, is sometimes considered even more important
than the phosphorus concentration alone (Güsewell, 2004; Wassen
et al., 2005).
Nutrient availability is signiﬁcantly moderated by the non-
resource factors, such as soil pH, temperature and salinity.
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n grasslands of temperate and boreal Eurasia, the species
ichness–pH relationship is usually unimodal when a sufﬁciently
road pH range is studied, with a peak at about pH 6–7 (Chytry´
t al., 2007; Merunková and Chytry´, 2012; Schuster and Diekmann,
003). However, at pH values lower than 6, the species richness–pH
elationship in grasslands is nearly always positive (Crawley et al.,
005).
Soil moisture is known to affect nutrient availability in various
abitat types (Loiseau et al., 2005; Rodriguez-Iturbe et al., 1999).
ater limitation reduces productivity as it reduces the ability of
ominants to develop sufﬁcient growth, even under nutrient-rich
onditions. According to available information, overall plant diver-
ity typically declines with decreasing water availability (Pausas
nd Austin, 2001). The topographically structured soil moisture
s often considered the main controller of local plant diversity
atterns in grasslands (Moeslund et al., 2013). However, patterns
f water availability often co-vary with other ecological or geo-
raphical gradients, making it difﬁcult to separate the inﬂuences
f different factors (see also Valkó et al., 2014b). Conversely to the
atterns in the established vegetation, diversity and density of the
eed bank is often very high in drought-stressed grasslands, where
egeneration from seeds is a strategy that allows bridging unfa-
orable environmental conditions (Bossuyt and Honnay, 2008). In
ontrast to that general ﬁnding, Valkó et al. (2014b) reported that a
ombination of high levels of drought with salinity also affects the
oil seed bank negatively. In such cases grassland diversity is likely
riven by spatial dispersal and re-establishment or clonal growth
nd not by the locally persistent seed bank.
Given that altitudinal and latitudinal richness gradients gen-
rally belong to the most studied macroecological patterns, it
s astonishing how little is known with respect to Palaearctic
rasslands. Austrheim (2002) in his study of semi-natural grass-
ands in Norway found for vascular plants that total richness
er altitudinal zone decreases with altitude, while small plots
0.25 m2) showed a mid-elevational peak below the timberline.
y contrast, richness of non-vascular plants at all spatial scales
ncreased with altitude. In Switzerland, the richness of vascu-
ar plants in all types of grasslands increased from the colline
approx. 28 species on 10 m2) to the subalpine and alpine belts
approx. 42 species on 10 m2), while on the same plots bryophytes
howed a strong continuous increase from 3 species (colline) to
9 (alpine), and snails a monotonous decrease (Koordinationsstelle
iodiversitäts-Monitoring Schweiz, 2009). Surprisingly, the plot-
cale richness peaks never coincide with the peaks of the total
ora or fauna per belt, which in all three groups are in the mon-
ane belts (Koordinationsstelle Biodiversitäts-Monitoring Schweiz,
009). These discrepancies indicate that different mechanisms are
elevant for species richness at small and large grain sizes. A high
pecies pool does not necessarily translate into a high small-scale
pecies density and biodiversity patterns at different scales might
ven may  be reversed. Due to a lacking standardized monitoring
cross the Palaearctic grasslands, latitudinal and longitudinal pat-
erns are even less clear than altitudinal ones, but generally the
ffects of regional drivers (see Section 7) seem to exceed those of
otential large-scale patterns. At least there is some preliminary
ndication that plot-scale plant species richness of grasslands might
n average be higher in the hemiboreal compared to the temperate
one (Dengler et al., 2006), which would coincide with the Swiss
ltitudinal patterns.
. Anthropogenic inﬂuences on diversityGrime (1973) was the ﬁrst who suggested that plant
pecies richness of herbaceous communities should peak at
ntermediate intensities of management (i.e. grazing, mowing,
urning or trampling) and demonstrated this for a tramplingand Environment 182 (2014) 1–14
gradient in a European grassland. Later this idea became part of the
Intermediate Disturbance Hypothesis (IDH), which assumes that
such unimodal relationships between diversity and intensity, fre-
quency or extent of various types of disturbances are widespread
across ecosystems (Connell, 1978). While there are many slightly
differing explanations for this empirical pattern, the basic assump-
tion is that at a very low level of disturbance competitive exclusion
reduces the number of co-occurring species, while in case of too
frequent/intense disturbances only few species have the necessary
adaptations (e.g. short life cycle) to survive (Connell, 1978; Grime,
1973). Subsequently, researchers developed concepts and pub-
lished empirical proofs how disturbance (i.e. mainly grazing in the
case of grasslands) interacts with other major drivers of diversity,
thus reﬁning the IDH (reviewed by Hanke et al., 2014). The most
important interacting factor might be productivity, which is
assumed to shift the hump of the diversity–disturbance gradient
so that disturbance basically decreases richness at very low-
productive sites and increases it at highly productive sites, while
the “classical” hump is clearly visible only at intermediate produc-
tivity levels (Dynamic Equilibrium Model, DEM: Huston, 1979; see
also Bakker et al., 2006; Kondoh, 2001; Milchunas et al., 1988). Olff
and Ritchie (1998) suggested that increasing environmental stress
might modify the response of communities to disturbance in a sim-
ilar way  as decreasing productivity does, and could demonstrate
this in a European salt marsh where grazing decreased richness
at the most saline sites and increased it at the least saline sites.
Finally, grassland ecosystems with an evolutionary long history of
grazing are supposed to show a weaker response to disturbances by
large herbivores than evolutionary naïve systems (Milchunas et al.,
1988), but it is generally hard to quantify “evolutionary history”.
Studies that compared several different levels of grazing inten-
sity in Palaearctic grasslands usually found that small-scale species
densities peak somewhere between heavy grazing and abandon-
ment, i.e. at light to moderate grazing (e.g. Cheng et al., 2011; Dupré
and Diekmann, 2001; Proulx and Mazumder, 1998; Sˇkornik et al.,
2010). In a study of ﬁve sites along a rainfall gradient in Spain
with three grazing intensities per site, de Bello et al. (2007) could
demonstrate that plant species diversity patterns follow the pre-
dictions of the DEM very closely, both for ˛-diversity at different
scales and for ˇ-diversity. Wanner et al. (2014) also found support
for the IDH for 1-m2 plant species richness in the upper North Sea
salt marshes, while grazing intensity did not affect species density
in the lower marshes, contrasting to Olff and Ritchie (1998) who
reported a decrease in richness through grazing. Turtureanu et al.
(2014) did not ﬁnd a signiﬁcant effect of grazing vs. abandonment
in Transylvanian dry grasslands, but this might partly be because
they did not differentiate grazing intensities.
The differences between grazing and mowing are another rele-
vant, albeit less frequently addressed aspect. Low-intensity grazing
is often considered a good management technique (and even bet-
ter than mowing) because it is expected to create small-scale
heterogeneity through varying grazing, trampling and defecation
patterns of the livestock, which should allow more species to co-
exist than under the homogenizing regime of mowing (Redecker
et al., 2002; Voß, 2001). By contrast, Turtureanu et al. (2014) found
that plant species richness was far higher in mown than in grazed
dry grasslands (+25.8 species = 51% at 10 m2) of otherwise simi-
lar conditions, and this difference existed across all spatial scales
tested (1 cm2 to 100 m2). Similarly, Stammel et al. (2003) found
signiﬁcantly higher plant richness in mown vs. grazed fen grass-
lands (+ 7.3 species = 17% at 25 m2) and Hansson and Fogelfors
(2000) a strong increase after 15 years of grazing in a hemibo-
real grassland, while richness remained unchanged under grazing.
Fischer and Wipf (2002), on the other hand, found no effect of
changing the traditional mowing regime to grazing on plot-scale
richness of subalpine meadows. While Löbel et al. (2006) did not
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etect a direct effect of mowing vs. grazing in dry grasslands of the
altic Island of Öland, they found that microrelief increased rich-
ess of vascular plants and bryophytes, and that this was at least
artly caused by grazing livestock. Since some of the dry grass-
ands of Öland are intermittently wet, here and in the example of
et grasslands (Voß, 2001), the trampling might cause more plant-
elevant niche differentiation than it does on well-drained soils.
ctually, in both examples hummock-hollow structures of up to
0 cm height difference occurred, leading to microhabitats with
ery different moisture conditions. Why, contrastingly, in other
ases, low-intensity mowing (once a year or less) favours so many
ore species than grazing, is an open question (see Section 7.2,
oint 5). However, with higher cutting frequency, richness dropped
ramatically, while higher grazing intensity had little effect on
lant diversity in mesic, mostly nutrient-rich lowland grasslands
Socher et al., 2012). The latter study also found substantial differ-
nces between three regions in Germany, calling for caution when
eneralizing results.
Long-term atmospheric nitrogen deposition may  be the major
ource of excess nitrogen at grassland sites, which has been iden-
iﬁed as a reason for decreasing species richness in grasslands (Bai
t al., 2010; Bobbink et al., 2010; Dupré et al., 2010; Stevens et al.,
004). Jandt et al. (2011) demonstrated with a huge vegetation-plot
atabase of semi-dry basiphilous grasslands in Germany that many
pecies had consistent trends over a 75-year period (1927–2003).
pecies with positive temporal trends had higher Ellenberg indi-
ator values for moisture and nutrients compared to those with
egative trends, which the authors interpret as consequence of
itrogen deposition and land-use changes. Simultaneously, grasses
nd species with competitive strategy generally became more fre-
uent.
. Beyond counting species: what other ways of measuring
iversity can tell us
Functional diversity captures the functional dimension of bio-
iversity and has been emphasized as an important facet of
iodiversity. Trait-based approaches characterize organisms in
erms of multiple biological attributes, which describe the organ-
sms’ functional response to the abiotic and biotic environment
Wellstein et al., 2011). At the ecosystem level, functional diver-
ity is deﬁned as “the value and range and relative abundance
f functional traits present in a community” (Tilman, 2001). Sev-
ral methods have been proposed to estimate functional diversity,
eferring to its different components (cf. Schleuter et al., 2010). The
rait-based approach helps to shed new light on the processes that
ssemble plant communities. Recent developments in the study of
uch assembly rules are trait-based and focus on revealing the back-
round of species coexistence and the strategy of species dealing
ith novel environmental challenges (e.g. Bernard-Verdier et al.,
012; Carboni et al., 2014; Wellstein et al., 2014). Previous trait-
ased studies on grasslands sometimes found random patterns
f multiple traits (see Götzenberger et al., 2012). In a detailed
nalysis of community assembly along a soil-depth gradient in a
editerranean grasslands, Bernard-Verdier et al. (2012) detected
igniﬁcant changes of community-weighted mean trait values in
elation to this gradient for most tested traits. Further, vegetative
raits diverged on shallow soils, indicating coexistence of dis-
inct water- and nutrient-use strategies in these habitats, whereas
hey converged with increasing resource availability. Wellstein
t al. (2014) highlight the importance of excluding strong biotic
lters from the modelling when aiming at understanding the
oexistence of subordinate species, which represent most of the
rasslands plant diversity. Both, Carboni et al. (2014) and Wellstein
t al. (2014) emphasize the relevance of ﬁne spatial scales forand Environment 182 (2014) 1–14 5
mechanisms of species coexistence and demonstrate that assembly
rules are strongly context-dependent.
To evaluate temporal dynamics (i.e. resistance and/or resilience)
of grasslands, phylogenetic diversity can be also used. Phyloge-
netic diversity expressed as the diversity of different evolutionary
lineages (Faith, 1992) reﬂects the evolutionary history of the
respective community and provides an insight how persistent it
might be in the long run in the face of environmental changes,
such as anthropogenic climate change. Reitalu et al. (2014) found
that the small-scale species richness was negatively correlated with
phylogenetic diversity. While species richness was  found to be
highest at intermediate stress and disturbance levels in accordance
with the IDH sensu Grime (2001; compare Section 4), phylogenetic
diversity was highest in the most stressed habitats, covered only
by a thin layer of soil. This was because the high levels of stress
prevented the development of a closed vegetation cover and con-
tinuously provided open gaps for colonization.
Ecological differences do not only exist between species but
also within. This intraspeciﬁc variation has attracted recent atten-
tion in plant community ecology (e.g. Albert et al., 2011; Wellstein
et al., 2013). In grassland plants, this variation can be driven by
environmental factors (Wellstein et al., 2013), but also manage-
ment regimes can affect the selection pressure in grassland plants
differently (Pluess, 2013). Intraspeciﬁc variation comprises both
phenotypic and genetic variation. While phenotypic plasticity gives
a plant the ability to adjust its functional performance in response
to varying environmental conditions throughout its lifespan, inher-
itable differences in gene function (i.e. epigenetic changes) and the
genotype are the base of long-term adaptation and evolution (for
an overview see Wellstein et al., 2013, and references therein).
It is becoming apparent that plant intraspeciﬁc diversity can
inﬂuence the species diversity and structure of whole ecosystems
with their plant and animal communities (Fridley and Grime, 2010;
Jones et al., 2011; Peter-Schmid et al., 2008). For example, geneti-
cally diverse plant patches had 18% more arthropod species and a
greater abundance of omnivorous and predacious arthropods com-
pared with monocultures (Johnson et al., 2006). Thus, the genotype
of a plant can determine the composition and structure of the multi-
trophic arthropod community. Consequently, a reduction in genetic
diversity at the producer level can affect the wider food web and
associated ecosystem services (Bukovinszky et al., 2008; Jones et al.,
2011).
6. How general are the patterns?
Biodiversity is a multi-facetted phenomenon (Gaston and
Spicer, 2004; Jürgens et al., 2012). This far, however, analyses
focused on one or a few aspects only, i.e. complexity levels (genes,
taxa, ecosystems), dimensions (composition, structure, function,
evolution), components (richness, evenness) or hierarchy levels
(alpha, beta, gamma), and did so for a single taxonomic group at
one spatial scale.
The studies in this Special Issue that cover more than one bio-
diversity aspect usually found strong differences. Janisˇová et al.
(2014) report that alpha diversity on the one hand and beta and
gamma  diversity on the other hand mostly showed opposing
trends. A negative relationship between plot-scale species richness
and phylogenetic diversity is reported by Reitalu et al. (2014). Niu
et al. (2014) found in a Tibetan steppe that fertilization decreased
species diversity but increased functional diversity.
Regarding spatial scale (grain size), theory predicts that differ-
ent drivers should prevail at different spatial scales (Shmida and
Wilson, 1985), and recent meta-analyses conﬁrmed this view (Field
et al., 2009; Siefert et al., 2012). Certain drivers might even change
the direction in which they affect biodiversity with spatial scale.
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amme  et al. (2010), for example, could show that spatial hetero-
eneity decreased richness at smallest scales, while it had positive
ffects at larger scales. For Mediterranean grasslands, Giladi et al.
2011) demonstrated how relevance of drivers of vascular plant
iversity shift across four grain sizes from 0.06 to 225 m2, with plant
ensity being most important at smallest scales and patch area as
ell as habitat heterogeneity at larger scales. Similarly, Turtureanu
t al. (2014) found in temperate grasslands scale dependency of
rivers of diversity that was largely consistent with the theoretical
redictions and previous meta-analyses. None of the considered
redictors was relevant across all seven orders of magnitude in
rain size (0.0001–100 m2), most rather for two to four subsequent
rain sizes. At least the ranking of different management variants
ith regard to plant species richness was scale-invariant, i.e. the
pecies–area curves of the management types were more or less
arallel over ﬁve or seven orders of magnitude in Wanner et al.
2014) and Turtureanu et al. (2014), respectively. By contrast, Dupré
nd Diekmann (2001) have shown that the positive effect of graz-
ng vs. abandonment on plant diversity at small scales diminishes
ith increasing grain size, and the species–area curves intersect at
bout 100–1000 m2.
Only two papers in this Special Issue studied more than one
axonomic group. When comparing the three major groups of pri-
ary producers in terrestrial habitats–vascular plants, bryophytes
nd lichens–Turtureanu et al. (2014), like similar studies by Löbel
t al. (2006) or Jeschke et al. (2008), found pronounced differences
n the relevance of environmental factors related to differences in
ife histories. In their unique study, Zulka et al. (2014) even com-
ared two taxonomic groups of plants with eleven of invertebrates
nd found many idiosyncrasies. Generally plot-scale richness of
rassland specialists among plants was most strongly affected by
ravel content of the soil (+) and aboveground biomass (−), while
or invertebrates in general, most important were landscape fac-
ors (− distance to next bigger grassland patch, + fraction of dry
rasslands in the surroundings) and historical patch area (+).
Taken together, the presented ﬁndings urge for utmost caution
hen generalizing results across biodiversity aspects, scales and
axa. It is evident that a representative picture can only be gained by
tudying multiple aspects, spatial scales and taxonomic groups. As
t is generally not feasible to include all of these in one single study,
 well-informed selection is required. Exemplary multi-taxon stud-
es (e.g. Zulka et al., 2014), multi-scale studies (e.g. de Bello et al.,
007; Turtureanu et al., 2014) and multi-aspect studies (e.g. Hanke
t al., 2014) can guide the choice of parameters with maximum
omplementarity or least redundancy.
. Puzzling diversity of Palaearctic grasslands
.1. Background
Wilson et al. (2012) showed that nearly all global records
across all biomes) of vascular species densities at grain sizes below
00 m2 are from Palaearctic grasslands (the two from Transylva-
ia are included in the analysis of Turtureanu et al., 2014), and
obody beat these values so far. The fact that 98 vascular plant
pecies can co-exist on 10 m2 of a Transylvanian meadow, chal-
enges ecological theory as it questions the principle of competitive
xclusion (see den Boer, 1986). Can we reasonably assume that
ll these species have different niches or how else do they man-
ge to survive? All the European richness records (except those
or 1 cm2 and less) come from semi-dry basiphilous grasslands, a
egetation type that generally is among those with the highest plot-
cale richness in Central Europe (e.g. Hobohm, 1998) and beyond.
owever, although this vegetation type is, because of its diversity
nd conservation relevance, generally well-studied across Europe,and Environment 182 (2014) 1–14
the maximum richness values originate from only a few spatially
very restricted regions: Western Estonia, Southern Öland (Sweden),
the White Carpathians (Czech Republic) and the Transylvanian
Plateau (Romania) (for references, see Wilson et al., 2012), plus a
region in the Ukrainian Carpathians that was newly found after that
publication (Rolecˇek et al., 2014). The striking point is that in these
very regions, the semi-dry basiphilous grasslands are much richer
than in other parts of Europe, also on average. For example, Dengler
et al. (2012) reported a mean of 66 vascular plant species on 10 m2
for Transylvania, whereas the stands of the same phytosociological
alliance (Cirsio-Brachypodion) in Northeast Germany reach only 30
species on the same area (Dengler, 2005). Strong differences can
even occur across much shorter distances: Merunková et al. (2012)
found that the mean vascular plant species richness at 1 m2 and
100 m2 in the White Carpathians was about 25–30% higher than
in similar grasslands of southern Moravia and the Inner Western
Carpathians (20–200 km away).
What makes the dry grasslands of these few narrow regions
so extraordinary at regional to global scale? Rolecˇek et al. (2014)
demonstrated that the grasslands of the White Carpathians, the
Ukrainian Carpathians, the Transylvanian Plateau and Western
Estonia despite their geographic distance are similar in many
respects (and most of the points are also true for the alvar sites on
Öland, see Reitalu et al., 2014): (i) the species composition is very
similar; (ii) the soils are base-rich (but the pH is lower than in other
Festuco-Brometea communities: Dengler et al., 2012; Merunková
et al., 2012); (iii) the climate and site conditions are slightly cooler
and moister than usual for stands of the class Festuco-Brometea;  (iv)
the sites are managed by mowing once a year without fertilization;
(v) the grassland patches are large and typically interspersed with
forests, scrubs or fens; (vi) there are indications of a long continu-
ity as open grasslands (many centuries to millennia; e.g. Hájková
et al., 2011). Merunková et al. (2012) conclude that the extreme
richness of the White Carpathian grasslands cannot be explained
by a single factor, but that it is the unique combination of factors
that increases the plot-scale richness, which is in line with the idea
of the multiple direct and indirect controls of species densities in
herbaceous communities by Grace (1999).
7.2. Conceptual model
Founded on the facts and arguments provided by Zobel (1992),
Merunková et al. (2012), Rolecˇek et al. (2014) and Michalcová
et al. (2014), we  suggest ﬁve preconditions for extraordinarily high
species richness at plot scale (Fig. 1):
(1) Large evolutionary species pool: A striking aspect of the maxi-
mum  richness community types is that they all grow in open,
dry, and base-rich habitats, while such site conditions are rare
to very rare in the natural vegetation of their regions. Located
in the nemoral biome (i.e. the humid part of the midlatitudes),
without human interference, the respective countries would be
covered to 90% or more by forest (Bohn et al., 2004). Moreover,
the soils are predominantly acidic (Pärtel, 2002) and the surplus
of rain should lead to a predominance of mesic to wet site con-
ditions. On the other hand, the site conditions of the semi-dry
basiphilous grasslands are similar to the peaks (Korneck et al.,
1998) or the medians (Ewald, 2003) of the frequency distribu-
tions of the overall vascular ﬂora of Central Europe along these
major ecological gradients according to the Ellenberg Indica-
tor Values (EIVs; Ellenberg et al., 1991). For the whole ﬂora,
the medians are 7 for the EIV of light (L), between 4 and 5 for
the EIV of moisture (F), and between 6 and 7 for the EIV of soil
reaction (R), while the mean EIVs of the extremely species-rich
grasslands in four sites are 6.7–7.0 for light, 3.6–4.6 for mois-
ture, and 6.7–7.4 for soil reaction (Rolecˇek et al., 2014). Pärtel
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(ig. 1. Various processes at different spatio-temporal scales determine which frac
actors  that increase the fraction of species remaining from one level to the next (se
re  usually addressed in biodiversity models, whereas the lowest scale (i.e. mechan
(2002) and Ewald (2003) explained this discrepancy between
soil pH distribution and pH preference distribution of the ﬂora
by the evolutionary history in Europe (and the whole of the
Palaearctic), which was strongly affected by the expansion and
retraction of the glaciers during the Pleistocene. Each glacia-
tion forced the species to retract from boreal and temperate
regions southwards, for example to the Mediterranean Basin,
where limestone and other base-rich bedrocks prevail. Since
the duration of the glaciations was generally much longer than
that of the interglacials (Lang, 1994; Pärtel et al., 2005), the
evolutionary history of the present Palaearctic ﬂora is domi-
nated by the environmental conditions of the ﬁrst. Based on
the fact that species’ average life spans, depending on taxo-
nomic group, are in the range of 0.5–13 million years (Lawton
and May, 1995), a signiﬁcant proportion of the present-day
Palaearctic ﬂora should have evolved during the Pleistocene
and thus mainly under the environmental conditions of the
glaciations. In those times the conditions throughout Europe
and the Palaearctic, also in the steppe-tundra over permafrost
closer to the glaciers, were much drier and soils more base-
rich than in the interglacials, such as the present Holocene, and
forests were restricted to small pockets (Lang, 1994; Pärtel et al.,
2005). With this in mind, it appears that Pärtel’s (2002) and
Ewald’s (2003) theory on pH preferences of the temperate and
boreal European ﬂora can be extended to its light and moisture
preferences so that the frequency of habitat preferences in the
present ﬂora largely corresponds to the frequency of such envi-
ronmental conditions during the last few million years in the
biogeographic region and its (southern) surroundings.
2) Intermediate position along environmental gradients: While the
direction of deviations from “intermediate” conditions are
the same for the Pleistocene environment and the extremely
species-rich grassland stands, the average conditions dur-
ing the glaciations were probably even lighter, drier and
more basic. Two major reasons could favour higher species
richness towards intermediate conditions of certain environ-
mental gradients: (i) If species have a certain amplitude off the ﬂora from a biogeographic region actually occurs at plot-scale. The ﬁve main
 for details) are listed in the right column. The upper two scales and their processes
educing competitive exclusion) is poorly known despite its probably crucial role.
tolerable conditions (physiological or fundamental niche) and
the mid-points of these amplitudes are placed randomly,
inevitably more niches overlap in the middle of the envi-
ronmental range, an equivalent to the mid-domain effect
postulated for geographic domains (Colwell and Lees, 2000).
(ii) In addition, both extremes of environmental gradients usu-
ally require speciﬁc adaptations of species to survive, which
seemingly have not often evolved because of the associated
metabolic costs. For example, extremely low pH (<4.5 in KCl)
results in concentrations of soluble exchangeable aluminium
ions, which are toxic for most plants (Tyler, 2003), while at very
high pH (>7.5), the availability of the micronutrients manganese
and iron becomes increasingly problematic for plants (Tyler and
Olsson, 2001).
(3) Landscape heterogeneity/mass effect: So far all available data
indicate that maximum richness values in Palaearctic grass-
lands are restricted to semi-natural types and do not occur
in natural steppes (Wilson et al., 2012). This is supported by
the standardized EDGG expedition data on mean species rich-
ness (including bryophytes and lichens, which in all cases play
only a very minor role) of 10 m2 of base-rich dry grasslands (all
types combined), which are (maxima in parentheses) 53 (101)
in Transylvania (forest biome; Dengler et al., 2012), 41 (67) in
Central Podolia (Ukraine, forest-steppe ecotone; A. Kuzemko
et al., unpubl.) and 49 (75) in Khakassia (South Siberia, steppe
biome, Janisˇová et al., 2013). What could explain the counter-
intuitive ﬁnding that grasslands are richer at plot scale when
they are secondary? One reason could be that semi-natural
dry grasslands are, unlike natural steppes, typically embed-
ded in a mosaic of other habitat types with quite different
species pools (see Michalcová et al., 2014). Actually, all records
of extremely rich semi-dry grasslands come from sites with pro-
nounced habitat heterogeneity at the landscape scale. Not only
in the hemiboreal wooded meadows (Kull and Zobel, 1991), but
also in the meadows of the White Carpathians and the other
sites, there are always individual shrubs and groups of trees
nearby. Moreover, the sites exhibit local-scale heterogeneity
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of soil moisture, resulting from slope movements (sliding)
in the case of the White Carpathians and the Transylvanian
Plateau (Rolecˇek et al., 2014) and from small elevational varia-
tion in the case of hemiboreal wooded meadows and alvars. In
consequence, the semi-dry grasslands have sources of species-
rich forest, forest-edge, mesic meadow and fen communities
nearby, and through the mass effect (Zonneveld, 1994) these
sources can increase the grassland species density. This theory
is supported by Janisˇová et al. (2014), who could demonstrate
that plot-scale richness of grasslands is much higher when there
are more and more diverse natural and semi-natural habitats
in the surroundings.
4) Continuity of habitat patches in space and time: Several authors
have demonstrated that historical habitat size during the
past decades, centuries and millennia is highly inﬂuential on
present-day plot-scale richness (Bruun et al., 2001; Helm et al.,
2006; Pärtel et al., 2007). While it is not easy to quantify the
local development of grassland area over the whole Holocene,
there are indications that most of the sites that are extremely
rich nowadays had a continuity of grasslands throughout the
Holocene because human settlement took place very early
and re-opened the advancing forests before they could close
(e.g. Hájková et al., 2011). The continuous existence of exten-
sive grassland lead to an accumulation of suitable species that
migrated through the region in consequence of changing cli-
mate (Rolecˇek et al., 2014, e.g. highlight that the extremely rich
grasslands often contain some species with very disjunct distri-
bution) and, at the same time reduced the risk of local extinction
(see Michalcová et al., 2014). In some cases, extensive long-
lasting grassland landscapes even gave rise to speciation during
the Holocene, as for example in the case of the alvars of Öland
and Gotland (Jonsell and Karlsson, 2004).
5) Reduction of competitive exclusion: While (1) and (2) provided
reasons why the temperate European ﬂora contains particularly
many species that could survive under the site conditions of the
extremely rich grasslands, and (3) and (4) suggest mechanisms
how a huge amount of suitable species reached a particular
grassland site, none of these factors per se can explain why
so many species co-occur on small scale, say, 0.1 or 10 m2. At
this grain size, species directly interact and thus competitive
exclusion (den Boer, 1986) should happen. Here, obviously the
management regime plays a role. It appears that practically all
extreme-richness sites are mown once a year and not fertilized.
This management of biomass and litter removal suppresses
dominants and supports low-growing, poorly competitive
species or, more generally speaking, reduces the asymmetry in
competition for light (see Rolecˇek et al., 2014). Highest species
densities at a management level between abandonment and
frequent cuts is precisely what the IDH predicts (see Grime,
1973; and Section 4). While a recent simulation study has
shown that under simplistic assumptions disturbances cannot
ensure species co-existence in the long run (Fox, 2013), it is
sufﬁcient to add a bit more realistic complexity to the model
to get indeed a maximum of small-scale species co-existence
for intermediate levels of both disturbance and productivity
(Kondoh, 2001; Svensson et al., 2012). For plot-scale richness,
mowing generally seems to be more favourable than grazing
(see Section 4), and this is probably due to the “equalizing”
effects of this management. All species experience a similar
biomass reduction, while under grazing regimes some species
are always preferably eaten and others avoided (Dierschke
and Briemle, 2002). It might even be that mowing promotes
species coexistence via negative frequency dependence (Fox,
2013), since tall, dominant species loose proportionally more of
their superﬁcial biomass through a cut than small, low-grown
ones. Another mechanism that might reduce competition inand Environment 182 (2014) 1–14
extremely species-rich grasslands, was put forward by Dengler
and Boch (2008). Following the observation that plot-scale rich-
ness of xerothermic herbaceous communities often increases
with altitude and latitude (see Section 3), they suggest that the
shorter vegetation period at higher elevation might reduce the
annual duration of competition in communities mostly com-
posed of hemicryptophytes. Finally, there are some recent ideas
that generally question the relevance of competition between
species. (i) Mayﬁeld and Levine (2010) argue that, contrary
to common assumption, competition under certain circum-
stances even favours the co-existence of species with similar
traits, or assuming some niche conservatism, phylogenetically
closely related species. (ii) Trait variability within single grass-
land species might be as large as or even larger than between
different species (Albert et al., 2010). (iii) Seed-addition exper-
iments in species rich grasslands usually do not ﬁnd support
for any saturation in community composition – as should be
expected in case of competitive exclusion – but in some cases
the invasibility even increases with richness (e.g. Zeiter and
Stampﬂi, 2012).
In contrast to points (1)–(5), two other factors sometimes sug-
gested to increase plot-scale richness have little support in the
case of the world record grasslands: (a) All stands of the extremely
species-rich grasslands appear visually particularly homogenous
(own observations, J.D.), making plot-scale abiotic heterogeneity
an unlikely driver of high richness. (b) A recent study by Michalcová
et al. (2014) could at least for the White Carpathians also dismiss
a positive effect of the regional species pool (based on grid cells of
8 km2 size).
8. Ecosystem functions and services of grasslands as
related to biodiversity
Ecosystem functions are the habitat, biological or system proper-
ties or processes of ecosystems, ecosystem services are the beneﬁts
humans obtain from these functions (Costanza et al., 1997). Grass-
lands provide all kinds of ecosystem services, namely supporting,
provisioning, regulating and cultural services (World Resources
Institute, 2005) which are based on multiple ecosystem functions.
For example, the production function (biomass production) serves
the provisioning services.
Importantly, the role of biodiversity has been proven funda-
mental in ensuring the performance of ecosystem functioning (e.g.
Balvanera et al., 2006; Hector and Bagchi, 2007). Functional diver-
sity is likely to be one of the major factors affecting ecosystem
functioning (Hooper et al., 2005). Plant species can exert differ-
ent inﬂuences on ecosystem functions through their traits (effect
traits: Lavorel and Garnier, 2002), and hence trait changes may
result in ecosystem effects (e.g. Cornelissen et al., 2003). Changes
in species abundance as well as in species composition can cause
shifts in ecosystem functions (Suding et al., 2008) and related
ecosystem services. While ecosystem functioning at a given time
is chieﬂy determined by trait values of the dominant contribu-
tors to plant biomass (biomass-ratio hypothesis: Grime, 1998),
intraspeciﬁc trait variability should be considered when study-
ing responses in ecosystem functioning over longer time scales
(Albert et al., 2011). This is because intraspeciﬁc variability inﬂu-
ences species turnover and might be strongly inﬂuenced by the
variance of the trait value distribution (see Albert et al., 2011, and
references therein). Generally, biomass production of European
grasslands shows a log–linear relationship to species richness and a
linear one to functional richness (Hector et al., 1999). More diverse
grasslands generally use resources more completely, take up more
nitrogen and occupy more of the available space (Spehn et al., 2005).
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Climate change in Europe is generally increasing mean tem-
eratures, but most severely in Mediterranean Europe, while
emperature variability increases also nearly everywhere, but
trongest in Central Europe (Schär et al., 2004). Further, it is widely
cknowledged that the frequency and severity of droughts has
lready increased and likely will further increase during the next
ecades (IPCC, 2012). So far it is not particularly well understood
ow these processes will affect the functions of grasslands. In an
xperimental setting, Beierkuhnlein et al. (2011) found that warm-
ng had no or very limited effects on the biomass production of
ypical grassland grass species, while severe drought negatively
mpacted the performance of most provenances of most species.
ith regard to climatic extremes (in this case: drought), Jentsch
t al. (2011) showed that ecosystem regulating functions, such
s water and nutrient cycling, gas exchange and compositional
ynamics are initiated, while primary production surprisingly
emained unchanged. Community composition, complementary
esponses in species interactions, which are most likely based on
heir functional differences, contribute to buffering primary pro-
uction of grassland communities without changing community
omposition (Jentsch et al., 2011; Wang et al., 2007). Kreyling et al.
2011) found that the extreme drought of the year 2003 naturally
educed the biomass yield of the very year, but had no lasting effects
n subsequent years. Species richness was not negatively affected
ither in the drought years or afterwards. However, the drought
vent initiated stochasticity in successional trajectories. Overall,
vailable experimental studies suggest that at least temperate
uropean grasslands are remarkably stable (i.e. resistant and/or
esilient) towards present levels of climate change. This coincides
ith a simulation study from the Netherlands that predicts for 2050
ncreased drought stress of grasslands in consequence of elevated
emperatures, but suggests that overall the biomass yield from
ill even beneﬁt (Kroes and Supit, 2011). Studies on the effects
f climatic changes on the invasibility of grasslands are scarce, and
urrently there is no clear picture of these effects. However, grass-
ands generally seem to be quite resistant against vascular plant
nvasions as they are among the habitat types least invaded by
eophytes (average cover values for different grassland types only
.1–1.7%: Chytry´ et al., 2005).
. Threats and management of grassland diversity
Grasslands of Europe account for a high fraction of the conti-
ent’s biodiversity in many taxonomic groups despite only a small
raction of Europe would be covered naturally by grasslands (Bohn
t al., 2004), and the fraction of threatened species is particularly
igh in this habitat type. For example, among 22 formations in
ermany, dry grasslands host the highest number of vascular plants
16.3% of the ﬂora), even more than mesophilous forests (14.7%)
ith their far larger area, while also wet (6.8%), mesic (6.2%) as well
s acidic grasslands and heathlands (6.2%) are quite rich (Korneck
t al., 1998). Considering the number and fraction of threatened
pecies, various grassland formations are on top, just after olig-
trophic wetlands (Korneck et al., 1998). In the case of butterﬂies
ven 63% of their European fauna are associated with dry grasslands
nd steppes alone, and these species show a more negative popu-
ation trend than generalists and specialists of other habitat types
WallisDeVries and van Swaay, 2009). Finally, among the European
ird species, 152 (29%) are associated with grasslands, and 59% of
hese have an unfavorable conservation status, the situation being
orst for birds of steppic habitats (Nagy, 2009).
During the last century, Palaearctic grasslands experienced
 dramatic loss in area. In Central, North and West Europe
emi-natural grasslands were made to intensive grasslands using
ynthetic fertilizers and pesticides, drainage of wet grasslands,and Environment 182 (2014) 1–14 9
increased cutting frequency and lowered cutting height in mead-
ows, higher stocking rates on pastures as well as frequent re-sowing
with artiﬁcial seed mixtures. This happened mainly on produc-
tive sites. For example, Stevens et al. (2010) report that 90% of
the former semi-natural grasslands have been lost in Wales. In
more marginal and less productive sites, the utilization of semi-
natural grasslands was  largely given up and they either developed
into shrublands or forests through natural succession (e.g. 59–94%
of the alvar grasslands in Estonia: Helm et al., 2006; signiﬁcant
parts of the Bulgarian mountain grasslands: Vassilev et al., 2011)
or were afforested, often with non-native species (e.g. in Roma-
nia: Ruprecht et al., 2009). Grassland loss through transformation
into arable land, quarries or settlements and infrastructure also
occurred, but is generally of lower importance than the twin threats
of intensiﬁcation and abandonment (Valkó et al., 2012). In the nat-
ural steppes of Eastern Europe and Central Asia, the situation was
different, but in some cases even more dramatic. In the former
Soviet Union and China (but luckily not in Mongolia), the state
aimed at transforming the “unproductive” steppes into produc-
tive arable land, leading to an extensive destruction of steppes,
partly even in nature reserves (Werger and van Staalduinen, 2012).
Most severely affected was Ukraine, were only 3% of the former
steppes are left (Korotchenko and Peregrym, 2012), but serious
losses also occurred in Russia and Kazakhstan (Hölzel et al., 2002;
Kamp et al., 2011). By contrast, the damage to the Dahurian steppes
(i.e. Mongolia and surrounding regions in Russia and China) was  less
severe. Here, 72% of the natural steppes were still extant by the turn
of the century (White et al., 2000). Ambarlı and Bilgin (2014) report
that also the Anatolian (partly natural, partly semi-natural) steppes
experienced substantial losses in the 20th century.
At the landscape scale, the continuous grasslands became
fragmented, and their area and connectivity decreased. Reduced
landscape-scale heterogeneity of surrounding habitats negatively
inﬂuences the spillover of grassland species and decreases the
chance of dispersal between the remaining grassland patches
(Zulka et al., 2014). Moreover, with decreasing patch size the
inﬂuence of surrounding agricultural and urban habitats (i.e. pollu-
tion, immigration of invasive species) increases (Römermann et al.,
2005). Landscape conﬁguration i.e. the type of adjacent habitats is
also crucial in maintaining local species richness (Janisˇová et al.,
2014). Rédei et al. (2014) found that for most of the sand steppe
specialists the mosaic landscape is easily permeable because these
species can persist in small forests and disperse through them,
which enables them to bridge gaps between grasslands patches.
Other authors suggest that the effect of surrounding landscape is
strongly dependent on the affected grassland type. Janisˇová et al.
(2014) point out that in the same landscape, the grassland species
pool along a soil moisture gradient is differently affected by the
adjacent habitat patches. Generally, grassland diversity exhibits
relatively long lag times to management changes so that present-
day patterns often better reﬂect past than present management
(Helm et al., 2006; Reitalu et al., 2014).
Agri-environmental schemes (AESs) as part of the current
agricultural policy subsidize nature-friendly management of grass-
lands in the European Union, but for obtaining such subsidies, it is
often only required to implement the corresponding management
in a relatively small area of the managed grasslands including also
grassy margins (Kleijn et al., 2004). The beneﬁcial effect on species
richness is questionable in landscapes with only few natural habi-
tats, and in some cases – especially in extensively used landscapes
with a relatively high proportion of natural habitats – even neg-
ative effects were found (Batáry et al., 2011; Kleijn et al., 2006).
It is also important to decrease landscape-scale fragmentation by
creating buffer zones around grassland fragments to mitigate the
negative inﬂuences and corridors between them to restore migra-
tion routes and meta-population dynamics (Critchley et al., 2003).
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rach et al. (2014) suggested that restoration using regional seed
ixtures could be a promising option and Babai and Molnár (2014)
hat effective conservation of species richness is feasible by com-
ining traditional grassland management with extensive mosaic
anagement at the scale of the entire landscape. There is a gen-
ral lack of tested landscape-scale conservation strategies that also
onsider alternative grassland management techniques, such as
otational mosaic mowing (Buri et al., 2013), prescribed burning
Valkó et al., 2014a) or extensive semi-open pasture landscapes
Redecker et al., 2002).
0. Conclusions and outlook
Reﬂecting both the topics of the articles and our own  expertise,
his synthesis is biased towards semi-natural grasslands in tem-
erate Europe (at the expense of semi-natural grasslands in the
editerranean Basin and natural steppes of Eastern Europe, Central
sia, the Irano-Anatolian region and North Africa) and towards vas-
ular plants (at the expense of bryophytes, lichens, fungi, animals
nd microbes). There is certainly more knowledge on some promi-
ent animal groups, such as birds, butterﬂies and grasshoppers, but
he majority of the animal kingdom is not usually covered in grass-
and studies (Zulka et al., 2014, being a rare exception), Studies
n grassland fungal diversity (apart from the numerous mycor-
hiza studies, which so far usually do not provide the link to fungal
pecies) are largely nonexistent (but see Öster, 2008). While there
re many publications on steppe biodiversity in Russian, Ukrainian,
hinese and Turkish language in regional or national journals, only
arely such information is published in English and thus available
o the international scientiﬁc audience – the recent steppe book
y Werger and van Staalduinen (2012) with chapters from all the
entioned regions written by regional experts being a laudable
xception. Therefore, we call to put more research efforts on the
ess documented regions and understudied taxa.
This Special Issue supports the notion that biodiversity has
any different facets, which often behave differently. Since these
ifferent facets, such as species richness vs. functional diversity,
lpha diversity vs. beta diversity, evenness vs. richness or diver-
ity at 0.01 m2, 100 m2 and 1 km2 all carry valuable complementary
nformation, we  recommend employing sampling and monitoring
chemes that serve several of them. The implementation of stan-
ardized sampling schemes with standardized plot sizes across
arger gradients seems to be a promising tool in this context (e.g.
he EDGG Expeditions; see Turtureanu et al., 2014).
This synthesis also made clear that even for a well-studied group
n a well-studied region like vascular plants in semi-natural grass-
ands of temperate Europe, we are still far from full comprehension
f how the various drivers interact in producing the biodiversity
atterns we see. These open questions have been exempliﬁed by
he “world record holders” among the European grasslands, and
n attempt has been made to explain how such an extraordinary
packing” of species could emerge. We  explain maximum richness
y the interplay of various factors at different levels. These ideas
equire thorough testing, which could not only solve the riddle
ut also contribute to the general understanding of the processes
nderlying biodiversity patterns. One approach to the solution of
he riddle is the sampling of new high-quality, multi-scale and
ulti-taxon diversity data along major environmental gradients
cross the whole Palaearctic – as EDGG attempts it with its research
xpeditions (see Turtureanu et al., 2014). Another approach will
e the emerging pan-European vegetation-plot database European
egetation Archive (EVA), which will unite hundreds of thousands of
lots from all over Europe (see Dengler et al., 2011; Schaminée et al.,
009). This database will, through its sheer size and despite the
ndoubted biases in such databases (e.g. Chytry´, 2001; Chytry´ et al.,and Environment 182 (2014) 1–14
2014) in connection with GIS layers of multiple environmental
drivers (e.g. climate, land use, soil) for the ﬁrst time allow mod-
elling plot-scale richness across a larger spatial extent. In addition,
the particularly challenging last point of the conceptual framework
(cf. point 5 of Section 7.2) requires innovative, well-thought exper-
imentation and simulation.
Finally, it should be stressed that for securing grassland
biodiversity in the Palaearctic realm international support for
national NGOs is necessary, for example by policy tools of
international organizations like the Smolenice Grassland Decla-
ration (http://www.edgg.org/edgg meeting.html) or the Steppe
Appeal (http://www.edgg.org/publ/bulletin/Bulletin EDGG 12.pdf)
of EDGG. The Smolenice Grassland Declaration (signed by 362
scientists from 41 countries) highlights that, while there are inter-
national frameworks and well-developed national strategies for
forests and aquatic ecosystems, a coherent vision and an inte-
grated policy approach for grasslands is still missing. The major
goal of the Steppe Appeal was to promote the protection, restoration
and sustainable development of Ukrainian steppes. To convince
decision makers on both national and international levels to sub-
sidize grassland conservation and restoration actions, a strong and
comprehensive Convention on Grassland Conservation and a well-
developed grassland biodiversity strategy are necessary.
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